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Cytochrome cWhen cells kill themselves, they usually do so by activatingmechanisms that have evolved speciﬁcally for that
purpose. These mechanisms, which are broadly conserved throughout the metazoa, involve two processes:
activation in the cytosol of latent cysteine proteases (termed caspases), and disruption of mitochondrial
functions. These processes are linked in a number of different ways. While active caspases can cleave proteins
in the mitochondrial outer membrane, and cleave and thereby activate certain pro-apoptotic members of the
Bcl-2 family, proteins released from themitochondria can trigger caspase activation and antagonise IAP family
proteins. This reviewwill focus on the pro-apoptoticmolecules that are released from themitochondria of cells
endeavouring to kill themselves. This article is part of a Special Issue entitled Mitochondria: the deadly
organelle.ondria: the deadly organelle.
ll rights reserved.© 2010 Elsevier B.V. All rights reserved.1. Introduction
When Kerr, Wyllie and Currie ﬁrst proposed the apoptosis concept
in 1972, they noted that in apoptosis, as opposed to necrosis, the
mitochondria did not appear abnormal until late in the process [1].
However, as study of physiological cell death progressed from the era
of morphology to the era of biochemistry and molecular biology, the
role of the mitochondria in cell death had to be reassessed.
The idea that mitochondria might play a key role in cell death
was ﬁrst raised by David Hockenbery, who was working with Stanley
Korsmeyer [2]. They were studying the localization of the cell death
inhibitor Bcl-2, the ﬁrst component of the cell death mechanism
to be recognised [3,4]. Although earlier analysis by Cleary et al. had
shown that Bcl-2 associates with intracellular membranes via its
hydrophobic carboxy-terminus, with the main body of the protein in
the cytosol [5,6], Hockenbery et al. concluded that Bcl-2 was an
integral protein of the innermitochondrial membrane [2]. Subsequent
work has vindicated Cleary's initial ﬁndings [7], and shown that the
fraction of Bcl-2 that associates with mitochondria is bound to the
outer, rather than the inner membrane. Nevertheless, their paper
drew cell death researchers’ attention to the mitochondria for the ﬁrst
time.
In an effort to determine what mitochondrial function might be
required for apoptosis, Jacobson et al. transfected Bcl-2 into normal
cells, and those lacking mitochondrial DNA, and whose mitochondrialwere therefore incapable of generating energy by oxidative phos-
phorylation [8]. Because Bcl-2 was able to inhibit death of both
types of cells, as well as rho zero cells cultured in anoxic conditions,
they concluded that neither apoptosis nor Bcl-2's protective function
required mitochondrial respiration.
In 1994, Newmeyer et al., who were studying apoptosis in a cell-
free system derived from Xenopus oocytes, found that a mitochondrial
factor was necessary for activation of the endonuclease that cleaves
nuclear DNA during apoptosis [9]. Furthermore, as release of this
factor could be prevented by Bcl-2, their results suggested Bcl-2 acted
somewhere upstream of the mitochondria, and the mitochondrial
factor(s) were needed for activation of the endonucleases responsible
for the DNA “ladders” used as a marker of apoptosis.
Soon after, Kroemer's group reported that when lymphocytes
were given an apoptotic stimulus, they lost the electrical potential
across the inner mitochondrial membrane, and this occurred prior to
cleavage of the genomic DNA [10].
Like Newmeyer, Wang's group were using cell free systems to look
for molecules that could activate the apoptotic endonucleases. They
found that cytochrome c (cyt c), which in healthy cells resides in the
mitochondrial inter-membrane space, was, following an apoptotic
stimulus, released into the cytosol where it triggered activation of the
endonucleases [11]. Their subsequent work elucidated the biochem-
ical details of the pathway. They revealed that Bcl-2 could prevent loss
of cyt c from the mitochondria, but once in the cytosol, cyt c bound to
the adaptor protein Apaf-1. This caused activation of caspase 9 and
caspase 3, which cleaved the endonuclease inhibitor ICAD, thus
freeing CAD (Caspase-Activated DNAse), which cleaved the genomic
DNA [12–15].
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2.1. Cytochrome c
In healthy cells, cyt c exists in the mitochondrial inter-membrane
space where it acts in the electron transport chain to transfer elec-
trons from complex III to complex IV. In the cytoplasm of cells under-
going apoptosis, cyt c binds to Apaf-1, which binds to caspase 9, thus
forming the apoptosome [16,17]. Each cytochrome c polypeptide
binds a haem molecule, which is necessary for it to carry electrons,
and is also required for cyt c to activate Apaf-1 [12,18].
By binding to Apaf-1 and triggering formation of the apoptosome,
presence of cyt c in the cytosol is sufﬁcient to cause caspase-dependent
cell death, but is it necessary for cells to die by themechanism that bcl-
2 can block? Two sets of experiments suggest that this is not the case,
and suggest that cell death occurs evenwhen cyt c cannot bind Apaf-1.
They show that although cyt c and Apaf-1 are potent caspase acti-
vators, and can efﬁciently cause cell death, neither are essential for
cell death by the mechanism Bcl-2 can block.
Firstly, cells cultured in anoxic conditions cannot synthesize haem,
and hence only contain apo-cytochrome c [19]. Nevertheless, such
cells are still killed by an apoptotic stimulus such as staurosporin, and
cell death is still inhibited by Bcl-2 [8]. Presumably, something other
than Apaf-1 activated caspases killed the cells. The cells also did not
die due to lack of mitochondrial respiration, because these cells were
producing ATP by anaerobic glycolysis.
Secondly, genetic experiments in which the genes for Apaf-1 were
deleted, or the genes for cyt cwere modiﬁed so that it could no longer
bind to Apaf-1 but could still function in mitochondrial respiration,
showed that although cell death is somewhat delayed, it still occurs
both in vitro and in vivowhen Apaf-1 cannot be activated, or is absent
[20–24].
These experiments suggest that although cyt c is a molecule that is
released from the mitochondria during apoptosis, and can accelerate
cell death by binding to Apaf-1 and activating caspases, cyt c does not
play an essential role in cell death, because cell death occurs normally
in mice (of the right genetic background) that lack Apaf-1 or bear a
form of cyt c that cannot bind to Apaf-1.
2.2. Smac/Diablo
Smac (second mitochondrial activator of caspases)/Diablo (direct
IAP binding protein with low pI) was given its alternative names
because of the methods used to identify it. Wang's group isolated
Smac/Diablo from HeLa cell lysates as a component from solubilized
membranes that could enhance activation of caspase 3 in vitro, and
found that, like cyt c, Smac was a mitochondrial protein released into
the cytosol in cells undergoing apoptosis [25]. Vaux's group isolated
Smac/Diablo as a protein that could be co-immunoprecipitated from
cell lysates together with XIAP [26].
By binding, via its N-terminal IAP Binding Motif (IBM), to the
baculoviral IAP repeats (BIRs) of XIAP, cytosolic Smac/Diablo was able
to displace processed caspase 9 and caspase 3, whichwere then free to
dismantle the cell [27–29]. Indeed, even short peptides corresponding
to the IBM were able to promote apoptosis of some tumor lines [30].
Observations such as these prompted pharmaceutical companies to
develop synthetic Smac mimetic compounds, to see whether antag-
onism of IAPs in vivo could cause tumor cell death. Although these IAP
antagonist compounds can indeed kill certain cancer cell lines, and
several have entered clinical trials, questions remain about the
functions of, and requirements for, Smac/Diablo in both healthy
cells and those undergoing apoptosis.
For example, gene knockout experiments in mice have not given
much support to the notion that Smac/Diablo plays import roles
either in healthy cells or cells undergoing apoptosis. Mice lacking
Smac/Diablo developed normally, and were fertile. Moreover, noabnormality could be detected in any cell type, no matter what
stimulus was used [31]. Similarly, mice mutant for XIAP showed no
overt phenotype, and exhibited no change in sensitivity to apoptotic
stimuli [32]. The simplest explanation for failure to detect a
phenotype in these mice is that both Smac/Diablo and XIAP are
redundant, presumably with other IAP binding proteins, and other
IAPs, respectively. What are the other IAP binding proteins?2.3. HtrA2/Omi
The co-immunoprecipitation experiments that allowed identiﬁca-
tion of Smac/Diablo as an XIAP binding protein also identiﬁed other
proteins [26,33,34]. In each case, the IAP-binding proteins were
mitochondrial proteins, and all bore an IBM that allowed them to bind
to the BIRs of IAPs. One of them, HtrA2/Omi, was also identiﬁed by
other groups by virtue of its ability to bind to IAPs [35–37].
In the mitochondrial intermembrane space, HtrA2/Omi acts as a
chaperone and serine protease that re-folds or degrades misfolded
mitochondrial proteins, much like its bacterial homolog, HtrA, does
in Escherichia coli [38]. Bacterial HtrA (also known as DegP) forms a
hexameric complex [39] that functions in a way reminiscent of the
proteasome in eukaryotic cells.
Deletion of the genes for HtrA2/Omi in mice did not cause
resistance to cell death, but resulted in development of a neurode-
generative disease that caused death by 30 days. This was presumably
due to accumulation of misfolded proteins in the mitochondria of
long-lived neuronal cells [40]. Furthermore, mice with deletion
of both Smac/Diablo as well as HtrA2/Omi genes had the same
phenotype as those lacking just HtrA2/Omi, providing no support for
the hypothesis that Smac/Diablo and HtrA2/Omi have redundant
functions [40].
Over-expression of HtrA2/Omi does have some pro-apoptotic
activity, such as the ability to increase the amount of UV induced
apoptosis of a cell line transfected with XIAP, but it was weaker
than Smac/Diablo, and it was still able to do so, albeit to a reduced
extent, even if its IBM was mutated. Together with the results of
the genetic experiments [40,41], these results raise the possibility
that increased sensitivity to apoptosis caused by over-expression
of HtrA2/Omi is due to presence of a serine protease in the cyto-
plasm, rather than HtrA2/Omi having a physiological role as an IAP
regulator [33,36,37].2.4. Other mitochondrial IAP binding proteins (Nipsnap3 & 4, glutamate
dehydrogenase, ClpX, LRPPR, 3-hydroxyisobutyrate dehydrogenase)
In addition to Smac/Diablo and HtrA2/Omi, Verhagen et al. have
identiﬁed six further proteins that normally reside in the mitochon-
dria, but bear IBMs and are capable of binding to IAPs if released into
the cytosol [34]. Although it is possible that they can antagonize
IAPs, and do so in Smac/Diablo and HtrA2/Omi mutant cells, thereby
allowing them to undergo apoptosis, this seems unlikely. Most of
these proteins have some other, well established role in the mito-
chondria, and none show signiﬁcant pro-apoptotic activity when
expressed in the cytoplasm. An alternative possibility is that in mam-
malian cells there are IBM binding proteins that are produced and
reside in the cytosol, just as the IAP antagonists Reaper, Grim, HID and
Sickle do in insect cells [42,43].3. Other apoptogenic proteins released from mitochondria
There is evidence that a number of other pro-apoptotic proteins
are released from the mitochondria, but in general the evidence is
weak and inconsistent.
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AIF was initially thought to be a mitochondrial cysteine protease
whose release could be blocked by Bcl-2, but following an apoptotic
stimulus translocated from the mitochondria to the nucleus to cause
DNA fragmentation and cell death [44]. Moreover, it was claimed that
AIF was essential for programmed cell death [45], and that in the
nucleus it directly bound to DNA [46]. However, more recent genetic
and biochemical evidence has shown that AIF is not required for cell
death [47], but is a highly conserved oxidoreductase/NADH oxidase
that is a component of complex I of the mitochondrial electron
transport chain [48,49]. Furthermore, the phenotype of Harlequin
mice, which have low levels of AIF, resembles that of mice with
deﬁciencies of complex I [50,51], rather than those with excess cells,
which would have been expected if it had a pro-apoptotic function.
3.2. EndoG
By creating transgenic mice that ubiquitously expressed an
uncleavable form of ICAD {the Inhibitor of Caspase Activated DNAse
(CAD)}, Nagata's group showed that in the absence of CAD activity,
DNAse II from cells that engulfed the apoptotic corpses degraded
their DNA [52]. While trying to address the same question, Wang's
group used a biochemical approach, and identiﬁed the mitochondrial
endonuclease, endonuclease G (endoG) [53]. They found that endoG
was released from the mitochondria during apoptosis, and could
enter the nucleus and cleave genomic DNAwithout being activated by
caspases. Although analysis of an endoG knockout mouse initially
gave support to this model because cells from these mice were
resistant to certain apoptotic stimuli and exhibited reduced DNA
cleavage [54], when another group deleted the genes for endoG, but
did not also disrupt an adjoining gene, they found no phenotype [55].
Therefore it seems most likely that DNAse II is responsible for DNA
cleave when CAD cannot be activated, and even if endoG (and AIF) are
released from the mitochondria during apoptosis, they do not cause
DNA fragmentation, and the physiological signiﬁcance of their release,
if any, has yet to be established.
3.3. Caspases
There have been a number of reports that caspases, including
procaspases 2, 3, 8 and 9 reside in the intermembrane space of mito-
chondria in healthy cells, and are activated and released during
apoptosis [56–62]. However, these claims have not been conﬁrmed,
caspases do not appear in comprehensive mitochondrial proteome
analyses [63], and a mechanism by which caspase precursors could
enter the mitochondria in the absence of targeting sequences has not
been elucidated.
3.4. Others
Adenylate kinase 2 (AK2) is a protein that resides in the mito-
chondrial intermembrane space and can convert AMP, ADP and ATP
from one to another [64]. It has been reported that when released into
the cytosol, AK2 can bind to FADD and promote activation of caspase
10, but curiously, not caspase 8 [65]. However, mutation of AK2 genes
in humans leads to a degenerative disease termed reticular dysgenesis
that is consistent with deteriorating mitochondrial function, rather
than increased cell survival that would be expected if it had a pro-
apoptotic function [66,67].
4. How are mitochondrial proteins released?
Several models have been proposed to explain how proteins are
released from the mitochondria during apoptosis. For example, it has
been suggested that proteins are released via the permeabilitytransition pore, consisting of ANT, cyclophilin D and VDAC. While
this pore is usually too small to allow transit of proteins as large as
cytochrome c, it has been proposed that pores might fuse, or enlarge
in the presence of other proteins. Another model is that entry of ions
and water into the matrix causes the inner membrane to swell by
osmosis, causing the outer membrane to physically rupture [68,69].
Neither of these models are supported by analysis of cells from Bax:
Bak double deleted mice.
Currently the most widely favored model is that in the presence
of high levels of pro-apoptotic BH3-only Bcl-2 family members, or low
levels of anti-apoptotic Bcl-2 familymembers, Bak or Baxmultimerize to
form a pore in the outermitochondrial membrane [70]. Study of release
of tagged proteins from themitochondria during apoptosis suggest that
most are released via the same mitochondrial pore, and by a caspase
independentmechanism [71]. However, late in apoptosis, after caspases
become active in the cytosol, they can cleave proteins in the mito-
chondrial outer membrane, causing it to completely break down [72].
No matter what the mechanism by which mitochondrial proteins
exit the mitochondria, it is clear that in apoptosis proteins do leave,
but debate remains about the signiﬁcance of this occurrence.
5. (Lack of a) role in apoptosis of proteins released from the
mitochondria of invertebrate cells
Invertebrate model organisms such as Drosophila and Caenorhab-
ditis elegans have accelerated elucidation of many biological process-
es, not the least of which are the physiological mechanisms for cell
death. For example, genetic analysis of cell death during development
of C. elegans revealed that the caspase CED-3 is essential for pro-
grammed cell death in the worm, and it is activated by an Apaf-1 like
adaptor protein, CED-4. Moreover, the Bcl-2-like protein CED-9 is able
to prevent CED-4 from activating CED-3. However, in the worm CED-9
binds directly to CED-4 to inhibit it, rather than acting to prevent
release of proteins frommitochondria, as Bcl-2 does, by inhibiting Bax
and Bak in mammalian cells. Unlike Apaf-1, which hasWD40 domains
that can be bound by cytochrome-c, C. elegans CED-4 lacks WD40
domains, and appears to activate spontaneously when inhibition by
CED-9 is removed. Thus, although CED-9 and CED-4 can localize to
outer mitochondrial membranes, implementation of the apoptotic
process does not require any mitochondrial protein in the worm [73].
Drosophila also bears genes for homologs of Bcl-2, Apaf-1 and
caspases, and, like their C. elegans homologs, they are essential
for normal developmental cell death [74]. Although there were some
early reports that insect cytochrome c released from themitochondria
was needed to activate the Apaf-1 homolog dARK [75,76], more
thorough genetic and biochemical analysis indicates that dARK can
activate the caspase DRONC in the absence of cyt c, and Drosophila cyt
c does not bind to dARK, even though it has WD40 domains [77,78].
Study of cell death in insects revealed the roles of the IAPs and their
antagonists Reaper, HID, Grim and Sickle [79–81]. The IAPs were ﬁrst
identiﬁed in baculoviruses, which use them to prevent defensive
apoptosis of the host cell, allowingmore time for viral replication [82].
Based on their similarity to baculoviral IAPs, their cellular homologs
DIAP1 and DIAP2 were identiﬁed in the ﬂy [83,84]. Abrams screened
for ﬂies with abnormal cell death during development identiﬁed a
region (H99) required for developmental cell death [79]. Subsequent
work revealed that the pro-apoptotic proteins Reaper, HID, Grim and
Sickle bind directly to the IAPs via their amino-termini, which
resemble those of Smac/Diablo and HtrA2/Omi [85,86]. However,
unlike themitochondrial IAP antagonists, those fromDrosophila reside
in the cytosol, and are therefore not released from the mitochondria.
6. Conclusions
Although it is clear that Bax and Bak are critical mediators of
apoptosis that function at the mitochondria, the only mitochondrial
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mitochondria and plays a role in promoting cell death is cytochrome c.
It is clear that many other proteins are released at the same time, and
presumably via the same route as cyt c, but evidence is lacking that
any of them play essential roles in cell death, or that prevention of
their release will stop any cell from dying. Furthermore, as caspases
become active, they can cleave proteins of the outer mitochondrial
membrane, leading to secondary release of mitochondrial proteins
into the cytosol, but this is presumably a late, post-mortem event from
which a cell cannot recover.
Acknowledgements
DLV is an NHMRC Australia Fellow, and his supported by grants
from the NHMRC (461221) and the Leukemia and Lymphoma Society.
References
[1] J.F. Kerr, A.H. Wyllie, A.R. Currie, Apoptosis: a basic biological phenomenon with
wide-ranging implications in tissue kinetics, Br. J. Cancer 26 (1972) 239–257.
[2] D. Hockenbery, G. Nunez, C. Milliman, R.D. Schreiber, S.J. Korsmeyer, Bcl-2 is an
inner mitochondrial membrane protein that blocks programmed cell death,
Nature 348 (1990) 334–336.
[3] Y. Tsujimoto, J. Cossman, E. Jaffe, C.M. Croce, Involvement of the bcl-2 gene in
human follicular lymphoma, Science 228 (1985) 1440–1443.
[4] D.L. Vaux, S. Cory, J.M. Adams, Bcl-2 gene promotes haemopoietic cell survival and
cooperates with c-myc to immortalize pre-B cells, Nature 335 (1988) 440–442.
[5] L.Z. Chen, J. Nourse, M.L. Cleary, The bcl-2 candidate proto-oncogene product is a
24-kilodalton integral-membrane protein highly expressed in lymphoid cell
lines and lymphomas carrying the t(14;18) translocation, Mol. Cell. Biol. 9 (1989)
701–710.
[6] L.Z. Chen, M.L. Cleary, Membrane topology of the Bcl-2 proto-oncogenic protein
demonstrated in vitro, J. Biol. Chem. 265 (1990) 4929–4933.
[7] P. Monaghan, D. Robertson, T.A. Amos, M.J. Dyer, D.Y. Mason, M.F. Greaves,
Ultrastructural localization of bcl-2 protein, J. Histochem. Cytochem. 40 (1992)
1819–1825.
[8] M.D. Jacobson, J.F. Burne, M.P. King, T. Miyashita, J.C. Reed, M.C. Raff, Bcl-2 blocks
apoptosis in cells lacking mitochondrial DNA, Nature 361 (1993) 365–369.
[9] D.D. Newmeyer, D.M. Farschon, J.C. Reed, Cell-free apoptosis in xenopus egg
extracts - inhibition by bcl-2 and requirement for an organelle fraction enriched in
mitochondria, Cell 79 (1994) 353–364.
[10] N. Zamzami, P. Marchetti, M. Castedo, C. Zanin, J.L. Vayssiere, P.X. Petit, G. Kroemer,
Reduction in mitochondrial potential constitutes an early irreversible step of
programmed lymphocyte death in vivo, J. Exp. Med. 181 (1995) 1661–1672.
[11] X.S. Liu, C.N. Kim, J. Yang, R. Jemmerson, X.D. Wang, Induction of apoptotic
program in cell-free extracts - requirement for datp and cytochrome c, Cell 86
(1996) 147–157.
[12] J. Yang, X.S. Liu, K. Bhalla, C.N. Kim, A.M. Ibrado, J.Y. Cai, T.I. Peng, D.P. Jones, X.D.
Wang, Prevention of apoptosis by bcl-2 - release of cytochrome c from
mitochondria blocked, Science 275 (1997) 1129–1132.
[13] H. Zou, W.J. Henzel, X.S. Liu, A. Lutschg, X.D. Wang, Apaf-1, a human protein
homologous to c-elegans ced-4, participates in cytochrome c-dependent
activation of caspase-3, Cell 90 (1997) 405–413.
[14] P. Li, D. Nijhawan, I. Budihardjo, S.M. Srinivasula, M. Ahmad, E.S. Alnemri, X.D.
Wang, Cytochrome c and datp-dependent formation of apaf-1/caspase-9 complex
initiates an apoptotic protease cascade, Cell 91 (1997) 479–489.
[15] X.S. Liu, H. Zou, C. Slaughter, X.D. Wang, Dff, a heterodimeric protein that
functions downstream of caspase-3 to trigger dna fragmentation during
apoptosis, Cell 89 (1997) 175–184.
[16] H. Zou, Y. Li, X. Liu, X. Wang, An APAF-1.cytochrome c multimeric complex is a
functional apoptosome that activates procaspase-9, J. Biol. Chem. 274 (1999)
11549–11556.
[17] D. Acehan, X.J. Jiang, D.G. Morgan, J.E. Heuser, X.D. Wang, C.W. Akey, Three-
dimensional structure of the apoptosome: Implications for assembly, procaspase-
9 binding, and activation, Mol. Cell 9 (2002) 423–432.
[18] C. Purring-Koch, G. McLendon, Cytochrome c binding to Apaf-1: the effects of
dATP and ionic strength, Proc. Natl Acad. Sci. U. S. A. 97 (2000) 11928–11931.
[19] F. Vaillant, B.E. Loveland, P. Nagley, A.W. Linnane, Some biochemical properties of
human lymphoblastoid Namalwa cells grown anaerobically, Biochem. Int. 23
(1991) 571–580.
[20] M. Haraguchi, S. Torii, S. Matsuzawa, Z.H. Xie, S. Kitada, S. Krajewski, H. Yoshida, T.
W. Mak, J.C. Reed, Apoptotic protease activating factor 1 (Apaf-1)-independent
cell death suppression by Bcl-2, J. Exp. Med. 191 (2000) 1709–1720.
[21] Z. Hao, G.S. Duncan, C.C. Chang, A. Elia, M. Fang, A. Wakeham, H. Okada, T.
Calzascia, Y. Jang, A. You-Ten, W.C. Yeh, P. Ohashi, X. Wang, T.W. Mak, Speciﬁc
ablation of the apoptotic functions of cytochrome c reveals a differential
requirement for cytochrome c and Apaf-1 in apoptosis, Cell 121 (2005)
579–591.
[22] P.G. Ekert, S.H. Read, J. Silke, V.S. Marsden, H. Kaufmann, C.J. Hawkins, R. Gerl, S.
Kumar, D.L. Vaux, Apaf-1 and caspase-9 accelerate apoptosis, but do notdetermine whether factor-deprived or drug-treated cells die, J. Cell Biol. 165
(2004) 835–842.
[23] A. Nagasaka, K. Kawane, H. Yoshida, S. Nagata, Apaf-1-independent programmed
cell death in mouse development, Cell Death Differ. 17 (2009) 931–941.
[24] H. Okamoto, H. Shiraishi, H. Yoshida, Histological analyses of normally grown,
fertile Apaf1-deﬁcient mice, Cell Death Differ. 13 (2006) 668–671.
[25] C.Y. Du, M. Fang, Y.C. Li, L. Li, X.D. Wang, Smac, a mitochondrial protein that
promotes cytochrome c-dependent caspase activation by eliminating IAP
inhibition, Cell 102 (2000) 33–42.
[26] A.M. Verhagen, P.G. Ekert, M. Pakusch, J. Silke, L.M. Connolly, G.E. Reid, R.L. Moritz,
R.J. Simpson, D.L. Vaux, Identiﬁcation of DIABLO, a mammalian protein that
promotes apoptosis by binding to and antagonizing IAP proteins, Cell 102 (2000)
43–53.
[27] G. Wu, J.J. Chai, T.L. Suber, J.W. Wu, C.Y. Du, X.D. Wang, Y.G. Shi, Structural basis of
IAP recognition by Smac/DIABLO, Nature 408 (2000) 1008–1012.
[28] S.M. Srinivasula, P. Datta, X.J. Fan, T. Fernandes-Alnemri, Z.W. Huang, E.S. Alnemri,
Molecular determinants of the caspase-promoting activity of Smac/DIABLO and
its role in the death receptor pathway, J. Biol. Chem. 275 (2000) 36152–36157.
[29] P.G. Ekert, J. Silke, C.J. Hawkins, A.M. Verhagen, D.L. Vaux, DIABLO promotes
apoptosis by removing MIHA/XIAP from processed caspase 9, J. Cell Biol. 152
(2001) 483–490.
[30] S. Fulda, W. Wick, M. Weller, K.M. Debatin, Smac agonists sensitize for Apo2L/
TRAIL- or anticancer drug-induced apoptosis and induce regression of malignant
glioma in vivo, Nat. Med. 8 (2002) 808–815.
[31] H. Okada, W.K. Suh, J. Jin, M. Woo, C. Du, A. Elia, G.S. Duncan, A. Wakeham, A. Itie,
S.W. Lowe, X. Wang, T.W. Mak, Generation and characterization of Smac/DIABLO-
deﬁcient mice, Mol. Cell. Biol. 22 (2002) 3509–3517.
[32] H. Harlin, S.B. Reffey, C.S. Duckett, T. Lindsten, C.B. Thompson, Characterization of
XIAP-deﬁcient mice, Mol. Cell. Biol. 21 (2001) 3604–3608.
[33] A.M. Verhagen, J. Silke, P.G. Ekert, M. Pakusch, H. Kaufmann, L.M. Connolly, C.L.
Day, A. Tikoo, R. Burke, C. Wrobel, R.L. Moritz, R.J. Simpson, D.L. Vaux, HtrA2
promotes cell death through its serine protease activity and its ability to
antagonize inhibitor of apoptosis proteins, J. Biol. Chem. 277 (2002) 445–454.
[34] A.M. Verhagen, T.K. Kratina, C.J. Hawkins, J. Silke, P.G. Ekert, D.L. Vaux,
Identiﬁcation of mammalian mitochondrial proteins that interact with IAPs via
N-terminal IAP binding motifs, Cell Death Differ. 14 (2007) 348–357.
[35] L.M. Martins, I. Iaccarino, T. Tenev, S. Gschmeissner, N.F. Totty, N.R. Lemoine, J.
Savopoulos, C.W. Gray, C.L. Creasy, C. Dingwall, J. Downward, The serine protease
Omi/HtrA2 regulates apoptosis by binding XIAP through a reaper-like motif,
J. Biol. Chem. 277 (2002) 439–444.
[36] R. Hegde, S.M. Srinivasula, Z.J. Zhang, R. Wassell, R. Mukattash, L. Cilenti, G.
DuBois, Y. Lazebnik, A.S. Zervos, T. Fernandes-Alnemri, E.S. Alnemri, Identiﬁca-
tion of Omi/HtrA-2 as a mitochondrial apoptotic serine protease that disrupts
inhibitor of apoptosis protein-caspase interaction, J. Biol. Chem. 277 (2002)
432–438.
[37] Y. Suzuki, Y. Imai, H. Nakayama, K. Takahashi, K. Takio, R. Takahashi, A serine
protease, HtrA2, is released from the mitochondria and interacts with XIAP,
inducing cell death, Mol. Cell 8 (2001) 613–621.
[38] C. Spiess, A. Beil, M. Ehrmann, A temperature-dependent switch from chaperone
to protease in a widely conserved heat shock protein, Cell 97 (1999) 339–347.
[39] T. Krojer, M. Garrido-Franco, R. Huber, M. Ehrmann, T. Clausen, Crystal structure of
DegP (HtrA) reveals a new protease-chaperone machine, Nature 416 (2002)
455–459.
[40] L.M.Martins, A. Morrison, K. Klupsch, V. Fedele, N. Moisoi, P. Teismann, A. Abuin, E.
Grau, M. Geppert, G.P. Livi, C.L. Creasy, A. Martin, I. Hargreaves, S.J. Heales, H.
Okada, S. Brandner, J.B. Schulz, T. Mak, J. Downward, Neuroprotective Role of the
Reaper-Related Serine Protease HtrA2/Omi Revealed by Targeted Deletion inMice,
Mol. Cell. Biol. 24 (2004) 9848–9862.
[41] J.M. Jones, P. Datta, S.M. Srinivasula, W. Ji, S. Gupta, Z. Zhang, E. Davies, G.
Hajnoczky, T.L. Saunders, M.L. Van Keuren, T. Fernandes-Alnemri, M.H. Meisler, E.
Alnemri, Loss of Omi protease activity causes the neuromuscular disorder ofmnd2
mutant mice, Nature 425 (2003) 721–727.
[42] A. Zachariou, T. Tenev, L. Goyal, J. Agapite, H. Steller, P. Meier, IAP-antagonists
exhibit non-redundant modes of action through differential DIAP1 binding, EMBO
J. 22 (2003) 6642–6652.
[43] S.J. Yoo, J.R. Huh, I. Muro, H. Yu, L.J. Wang, S.L.Wang, R.M.R. Feldman, R.J. Clem, H.A.J.
Muller, B.A. Hay, Hid, Rpr andGrimnegatively regulate DIAP1 levels through distinct
mechanisms, Nat. Cell Biol. 4 (2002) 416–424.
[44] S.A. Susin, N. Zamzami, M. Castedo, T. Hirsch, P. Marchetti, A. Macho, E. Daugas, M.
Geuskens, G. Kroemer, Bcl-2 Inhibits the Mitochondrial Release of an Apoptogenic
Protease, J. Exp. Med. 184 (1996) 1331–1341.
[45] N. Joza, S.A. Susin, E. Daugas, W.L. Stanford, S.K. Cho, C.Y.J. Li, T. Sasaki, A.J. Elia, H.Y.
M. Cheng, L. Ravagnan, K.F. Ferri, N. Zamzami, A. Wakeham, R. Hakem, H. Yoshida,
Y.Y. Kong, T.W. Mak, J.C. Zuniga-Pﬂucker, G. Kroemer, J.M. Penninger, Essential
role of the mitochondrial apoptosis-inducing factor in programmed cell death,
Nature 410 (2001) 549–554.
[46] H. Ye, C. Cande, N.C. Stephanou, S. Jiang, S. Gurbuxani, N. Larochette, E. Daugas, C.
Garrido, G. Kroemer, H. Wu, DNA binding is required for the apoptogenic action of
apoptosis inducing factor, Nat. Struct. Biol. 9 (2002) 680–684.
[47] A. Urbano, U. Lakshmanan, P.H. Choo, J.C. Kwan, P.Y. Ng, K. Guo, S.
Dhakshinamoorthy, A. Porter, AIF suppresses chemical stress-induced apoptosis
and maintains the transformed state of tumor cells, EMBO J. 24 (2005)
2815–2826.
[48] N. Vahsen, C. Cande, J.J. Briere, P. Benit, N. Joza, N. Larochette, P.G. Mastrober-
ardino, M.O. Pequignot, N. Casares, V. Lazar, O. Feraud, N. Debili, S. Wissing, S.
Engelhardt, F. Madeo, M. Piacentini, J.M. Penninger, H. Schagger, P. Rustin, G.
550 D.L. Vaux / Biochimica et Biophysica Acta 1813 (2011) 546–550Kroemer, AIF deﬁciency compromises oxidative phosphorylation, EMBO J. 23
(2004) 4679–4689.
[49] G. Palmisano, A.M. Sardanelli, A. Signorile, S. Papa, M.R. Larsen, The phosphory-
lation pattern of bovine heart complex I subunits, Proteomics 7 (2007) 1575–1583.
[50] J.A. Klein, C.M. Longo-Guess, M.P. Rossmann, K.L. Seburn, R.E. Hurd, W.N. Frankel,
R.T. Bronson, S.L. Ackerman, The harlequin mouse mutation down-regulates
apoptosis-inducing factor, Nature 419 (2002) 367–374.
[51] D. Arnoult, P. Parone, J.C. Martinou, B. Antonsson, J. Estaquier, J.C. Ameisen,
Mitochondrial release of apoptosis-inducing factor occurs downstream of
cytochrome c release in response to several proapoptotic stimuli, J. Cell Biol.
159 (2002) 923–929.
[52] D. McIlroy, M. Tanaka, H. Sakahira, H. Fukuyama, M. Suzuki, K. Yamamura, Y.
Ohsawa, Y. Uchiyama, S. Nagata, An auxiliary mode of apoptotic DNA fragmen-
tation provided by phagocytes, Genes Dev. 14 (2000) 549–558.
[53] L.Y. Li, X. Luo, X. Wang, Endonuclease G is an apoptotic DNase when released from
mitochondria, Nature 412 (2001) 95–99.
[54] J. Zhang, M. Dong, L. Li, Y. Fan, P. Pathre, J. Dong, D. Lou, J.M. Wells, D. Olivares-
Villagomez, L. Van Kaer, X. Wang, M. Xu, Endonuclease G is required for early
embryogenesis and normal apoptosis in mice, Proc. Natl Acad. Sci. U. S. A. 100
(2003) 15782–15787.
[55] R.A. Irvine, N. Adachi, D.K. Shibata, G.D. Cassell, K. Yu, Z.E. Karanjawala, C.L. Hsieh,
M.R. Lieber, Generation and characterization of endonuclease g null mice, Mol.
Cell. Biol. 25 (2005) 294–302.
[56] A. Samali, B. Zhivotovsky, D.P. Jones, S. Orrenius, Detection of pro-caspase-3 in
cytosol and mitochondria of various tissues, FEBS Lett. 431 (1998) 167–169.
[57] A. Samali, J.Y. Cai, B. Zhivotovsky, D.P. Jones, S. Orrenius, Presence of a pre-
apoptotic complex of pro-caspase-3, Hsp60 and Hsp10 in the mitochondrial
fraction of Jurkat cells, EMBO J. 18 (1999) 2040–2048.
[58] B. Zhivotovsky, A. Samali, A. Gahm, S. Orrenius, Caspases: their intracellular
localization and translocation during apoptosis, Cell Death Differ. 6 (1999)
644–651.
[59] Z.H. Qin, Y. Wang, K.K. Kikly, E. Sapp, K.B. Kegel, N. Aronin, M. DiFiglia, Pro-
caspase-8 is predominantly localized in mitochondria and released into
cytoplasm upon apoptotic stimulation, J. Biol. Chem. 276 (2001) 8079–8086.
[60] S. Krajewski, M. Krajewska, L.M. Ellerby, K. Welsh, Z.H. Xie, Q.L. Deveraux, G.S.
Salvesen, D.E. Bredesen, R.E. Rosenthal, G. Fiskum, J.C. Reed, Release of caspase-9
from mitochondria during neuronal apoptosis and cerebral ischemia, Proc. Natl
Acad. Sci. U. S. A. 96 (1999) 5752–5757.
[61] M. Mancini, D.W. Nicholson, S. Roy, N.A. Thornberry, E.P. Peterson, L.A.
Casciolarosen, A. Rosen, The caspase-3 precursor has a cytosolic and mitochon-
drial distribution - implications for apoptotic signaling, J. Cell Biol. 140 (1998)
1485–1495.
[62] S.A. Susin, H.K. Lorenzo, N. Zamzami, I. Marzo, C. Brenner, N. Larochette, M.C.
Prevost, P.M. Alzari, G. Kroemer, Mitochondrial release of caspase-2 and -9 during
the apoptotic process, J. Exp. Med. 189 (1999) 381–393.
[63] M. Elstner, C. Andreoli, T. Klopstock, T. Meitinger, H. Prokisch, The mitochondrial
proteome database: MitoP2, Methods Enzymol. 457 (2009) 3–20.
[64] C. Kohler, A. Gahm, T. Noma, A. Nakazawa, S. Orrenius, B. Zhivotovsky, Release of
adenylate kinase 2 from the mitochondrial intermembrane space during
apoptosis, FEBS Lett. 447 (1999) 10–12.
[65] H.J. Lee, J.O. Pyo, Y. Oh, H.J. Kim, S.H. Hong, Y.J. Jeon, H. Kim, D.H. Cho, H.N. Woo, S.
Song, J.H. Nam, K.S. Kim, Y.K. Jung, AK2 activates a novel apoptotic pathway
through formation of a complex with FADD and caspase-10, Nat. Cell Biol. 9
(2007) 1303–1310 Epub 2007 Oct 1321.
[66] C. Lagresle-Peyrou, E.M. Six, C. Picard, F. Rieux-Laucat, V. Michel, A. Ditadi, C.
Demerens-de Chappedelaine, E. Morillon, F. Valensi, K.L. Simon-Stoos, J.C.
Mullikin, L.M. Noroski, C. Besse, N.M. Wulffraat, A. Ferster, M.M. Abecasis, F.
Calvo, C. Petit, F. Candotti, L. Abel, A. Fischer, M. Cavazzana-Calvo, Human
adenylate kinase 2 deﬁciency causes a profound hematopoietic defect associated
with sensorineural deafness, Nat. Genet. 41 (2009) 106–111.[67] U. Pannicke, M. Honig, I. Hess, C. Friesen, K. Holzmann, E.M. Rump, T.F. Barth, M.T.
Rojewski, A. Schulz, T. Boehm, W. Friedrich, K. Schwarz, Reticular dysgenesis
(aleukocytosis) is caused by mutations in the gene encoding mitochondrial
adenylate kinase 2, Nat. Genet. 41 (2009) 101–105.
[68] G. Feldmann, D. Haouzi, A. Moreau, A.M. Durand-Schneider, A. Bringuier, A.
Berson, A. Mansouri, D. Fau, D. Pessayre, Opening of the mitochondrial
permeability transition pore causes matrix expansion and outer membrane
rupture in Fas-mediated hepatic apoptosis in mice, Hepatology 31 (2000)
674–683.
[69] M.G. Vanderheiden, N.S. Chandel, E.K. Williamson, P.T. Schumacker, C.B.
Thompson, Bcl-x(l) regulates the membrane potential and volume homeostasis
of mitochondria, Cell 91 (1997) 627–637.
[70] G. Dewson, T. Kratina, P. Czabotar, C.L. Day, J.M. Adams, R.M. Kluck, Bak activation
for apoptosis involves oligomerization of dimers via their alpha6 helices, Mol. Cell
36 (2009) 696–703.
[71] C. Munoz-Pinedo, A. Guio-Carrion, J.C. Goldstein, P. Fitzgerald, D.D. Newmeyer, D.R.
Green, Different mitochondrial intermembrane space proteins are released during
apoptosis in a manner that is coordinately initiated but can vary in duration, Proc.
Natl Acad. Sci. U. S. A. 103 (2006) 11573–11578.
[72] H. Dussmann, M. Rehm, D. Kogel, J.H. Prehn, Outer mitochondrial membrane
permeabilization during apoptosis triggers caspase-independent mitochondrial
and caspase-dependent plasma membrane potential depolarization: a single-cell
analysis, J. Cell Sci. 116 (2003) 525–536.
[73] M.M.Metzstein, G.M. Stanﬁeld, H.R. Horvitz, Genetics of programmed cell death in
C. elegans - past, present and future, Trends Genet. 14 (1998) 410–416.
[74] S. Kornbluth, K. White, Apoptosis in Drosophila: neither ﬁsh nor fowl (nor man,
nor worm), J. Cell Sci. 118 (2005) 1779–1787.
[75] A. Rodriguez, H. Oliver, H. Zou, P. Chen, X.D. Wang, J.M. Abrams, Dark is a
Drosophila homologue of Apaf-1/CED-4 and functions in an evolutionarily
conserved death pathway, Nat. Cell Biol. 1 (1999) 272–279.
[76] H. Kanuka, K. Sawamoto, N. Inohara, K. Matsuno, H. Okano, M. Miura, Control of
the cell death pathway by Dapaf-1, a Drosophila Apaf-1/CED-4-related caspase
activator, Mol. Cell 4 (1999) 757–769.
[77] L. Dorstyn, K. Mills, Y. Lazebnik, S. Kumar, The two cytochrome c species, DC3 and
DC4, are not required for caspase activation and apoptosis in Drosophila cells,
J. Cell Biol. 167 (2004) 405–410.
[78] X. Yu, L. Wang, D. Acehan, X. Wang, C.W. Akey, Three-dimensional Structure of a
double apoptosome formed by the Drosophila Apaf-1 related killer, J. Mol. Biol.
255 (2005) 577–589.
[79] K. White, M.E. Grether, J.M. Abrams, L. Young, K. Farrell, H. Steller, Genetic control
of programmed cell death in Drosophila, Science 264 (1994) 677–683.
[80] A. Christich, S. Kauppila, P. Chen, N. Sogame, S.I. Ho, J.M. Abrams, The damage-
responsive Drosophila gene sickle encodes a novel IAP binding protein similar to
but distinct from reaper, grim, and hid, Curr. Biol. 12 (2002) 137–140.
[81] J.P. Wing, J.S. Karres, J.L. Ogdahl, L. Zhou, L.M. Schwartz, J.R. Nambu, Drosophila
sickle is a novel grim-reaper cell death activator, Curr. Biol. 12 (2002) 131–135.
[82] N.E. Crook, R.J. Clem, L.K. Miller, An apoptosis inhibiting baculovirus gene with a
zinc ﬁnger like motif, J. Virol. 67 (1993) 2168–2174.
[83] A.G. Uren, M. Pakusch, C.J. Hawkins, K.L. Puls, D.L. Vaux, Cloning and expression of
apoptosis inhibitory protein homologs that function to inhibit apoptosis and/or
bind tumor necrosis factor receptor-associated factors, Proc. Natl Acad. Sci. U. S. A.
93 (1996) 4974–4978.
[84] B.A. Hay, D.A. Wassarman, G.M. Rubin, Drosophila homologs of baculovirus
inhibitor of apoptosis proteins function to block cell death, Cell 83 (1995)
1253–1262.
[85] J. Silke, A.M. Verhagen, P.G. Ekert, D.L. Vaux, Sequence as well as functional
similarity for DIABLO/Smac and Grim, Reaper and Hid? Cell Death Differ. 7 (2000)
1275.
[86] G. Wu, J.J. Chai, T.L. Suber, J.W. Wu, C.Y. Du, X.D. Wang, Y.G. Shi, Structural basis of
IAP recognition by Smac/DIABLO, Nature 408 (2000) 1008–1012.
